Secreted peptide hormones play pivotal roles in plant growth and development. So far, CEPs (C-TERMINALLY ENCODED PEPTIDEs) have been shown to act through CEP receptors (CEPRs) to control nitrogen (N)-demand signalling, nodulation, and lateral root development. Secreted CEP peptides can enter the xylem stream to act as longdistance signals, but evidence also exists for CEPs acting in local circuits. Recently, CEP peptide species varying in sequence, length, and post-translational modifications have been identified. A more comprehensive understanding of CEP biology requires insight into the in planta function of CEP genes, CEP peptide biogenesis, the components of CEP signalling cascades and, finally, how CEP peptide length, amino-acid composition, and post-translational modifications affect biological activity. In this review, we highlight recent studies that have advanced our understanding in these key areas and discuss some future directions.
Introduction
One area of great interest to basic and applied science is how plants alter their root development to enable more efficient nutrient acquisition and utilisation. This encompasses strategies for improved optimisation of root system architecture and nutrient transporter deployment (Zhang et al., 1999; Ruffel et al., 2011; Mounier et al., 2014) . Developmental responses to the environment can be controlled locally or across organs at the whole-plant level via long-distance signalling networks (Shabala et al., 2016) . Recently, peptide hormones and their cognate receptors have been shown to play key roles in mediating developmental responses to changing environments (Motose et al., 2009; Okamoto et al., 2009 Okamoto et al., , 2013 Mortier et al., 2010; Reid et al., 2011; Saur et al., 2011; Delay et al., 2013; Imin et al., 2013; Tabata et al., 2014; Cederholm and Benfey, 2015; Chen et al., 2016) . One of the best characterised examples of this is root nodule formation, which results from a symbiotic interaction of legumes with N-fixing bacteria. Developmental competency for root nodule formation is maximal under low-N conditions and supressed by high N (Mortier et al., 2010; Reid et al., 2011; Saur et al., 2011; Okamoto et al., 2013; Kassaw et al., 2017) . This review focuses on C-TERMINALLY ENCODED PEPTIDE (CEP) hormones, which have roles in controlling lateral root development, nitrate transporter deployment, and root nodulation. Some key questions of research interest include: how do CEPs differentially control nodules and lateral root numbers even though both organs are influenced by low-N conditions, do phytohormone and CEP signalling pathways interact to control lateral root and nodule formation, and how do CEPs control long-distance N-demand signalling involving the differential responses of roots to heterogeneous N-availability? It has also become important to be able to reliably identify CEP peptides in vivo in order to study peptide biogenesis, long-distance transport, and how peptide length, amino-acid composition, and post-translational modifications affect biological activity. This review will focus on recent developments that have advanced our understanding of CEP function in N-demand signalling, root nodulation, and lateral root development. In addition, we will highlight recent advances in identifying CEPs in vivo and elucidating their posttranslational modifications, including aspects of their proteolytic processing.
CEP control of nitrate transporter deployment in N-demand signalling
Plants have developed mechanisms to more efficiently acquire N in a heterogeneous soil environment whereby roots in N-rich patches can grow and absorb more N to compensate for roots in N-poor patches. This dual response to heterogeneous N, called 'foraging behaviour', involves the differential development of lateral roots and regulation of important components of the plant's N-uptake machinery, such as NITRATE TRANSPORTER 2.1 (NRT2.1), NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER FAMILY 6.3 (also known as NRT1.1 or NPF6.3), and NITRATE TRANSPORTER 3.1 (NRT3.1) (Remans et al., 2006; Ruffel et al., 2011; Guan et al., 2014; Tabata et al., 2014) . Using splitroot assays, grafting, genetics, peptidomic analysis of xylemsap content, and in vitro biochemical assays, Tabata et al. (2014) showed that Arabidopsis CEPs are long-distance root-to-shoot signals produced under N-limitation that act in a long-distance N-demand circuit to influence NRT1.1, NRT2.1, and NRT3.1 transcription in roots growing in more favourable N conditions (see Box 1A). Although CEPs bind to two Arabidopsis receptors in vitro (CEPR1 and CEPR2), CEP-dependent regulation of these nitrate transporters appears to act predominantly through CEPR1 . CEPR1 is also known as XYLEM INTERMIXED WITH PHLOEM1 (XIP1) due to a reported role in vascular differentiation (Bryan et al., 2012) ; hereafter CEPR1/XIP1 will be called CEPR1. Until recently, the identity of the downward shoot-to-root signal(s) triggered by the CEP-CEPR1 interaction in the shoot and how this is integrated at the local level was unknown.
Polypeptide signals for CEPR1-dependent up-regulation of NRT2.1
Ohkubo et al. (2017) showed that two phloem-mobile polypeptides called CEP DOWNSTREAM 1 (CEPD1) and CEPD2 were rootward signals necessary for CEPR1-dependent upregulation of NRT2.1 (Box 1A). Transcriptomic analysis of CEPR1-enriched cotyledon vasculature resulted in a shortlist of genes up-regulated by CEP1 peptide and down-regulated in cepr1-1. From this shortlist, only the class-III glutaredoxin genes CEPD1 and CEPD2 up-regulated NRT2.1 transcripts when overexpressed. Using a GFP-CEPD1 fusion and grafting, Ohkubo et al. (2017) showed that shoot-expressed CEPD1 traversed the graft junction en route to the roots. In addition, a cepd1,2 double-mutant was defective in systemic up-regulation of NRT2.1 transcripts in N-demand signalling. They also showed that CEPD1 had no preference for travelling to the high-N-or low-N-exposed roots of a plant with split roots. Therefore, it was concluded that the CEPD signal must be integrated with the local N-environment, with local high-N being requisite to enable NRT2.1 up-regulation in roots. It is interesting to note that CEPD signalling specifically affected the expression of NRT2.1, but not that of NRT3.1 or NRT1.1.
Where next?
This elegant model explains how plants may interpret and respond to the exposure of roots to differential N-regimens to regulate N-uptake machinery. It remains to be seen if this particular long-distance mechanism also explains the foraging behaviour that leads to altered lateral root development. It is also not known how the CEPD signal is interpreted in the root phloem to mediate NRT2.1 up-regulation in the outer root tissues beyond the Casparian strip. Additionally, as CEPD1 and CEPD2 target expression of NRT2.1, but not NRT3.1 and NRT1.1, it suggests there are other unidentified rootward signals downstream of CEPR1 that control other CEP targets. A clear function for CEPR2 is also yet to be defined.
CEP signalling in nodulation
In legumes, a major adaptation to low-N availability is the formation of a symbiosis with N-fixing rhizobia. In the best understood mode of nodulation, root nodules arise from rhizobial infection of root hairs combined with the simultaneous induction of a nodule primordium several cell layers distal from the infection site, from which the nodule meristem and associated tissues ultimately form (Timmers et al., 1999; Catoira et al., 2001; Xiao et al., 2014) . Up until recently, the major pathways known to regulate nodulation included those encoding common symbiosis (SYM) pathway genes essential for root nodule and arbuscular mycorrhiza symbioses (Kistner et al., 2005; Bonfante and Genre, 2010) , cytokinin signalling-related genes (Plet et al., 2011; Ariel et al., 2012; Mortier et al., 2012) , the ethylene signal-transduction genes including MtEIN2/SKL (ETHYLENE INSENSITIVE2; SICKLE) (Penmetsa and Cook, 1997; Oldroyd and Downie, 2008; Soyano and Hayashi, 2014) , and autoregulation of nodulation (AON) genes (Reid et al., 2011) . In Medicago truncatula, AON is controlled by long-distance signalling whereby rhizobial infection-induced CLE (CLAVATA3 (CLV3)/EMBRYO SURROUNDING REGION) peptides enter the xylem Box 1. Key developments in understanding CEP function and biogenesis
• Root-ward polypeptide signals are involved in regulation of nitrogen acquisition Ohkubo et al. (2017) showed that CEP interaction with CEPR1 in the shoot results in up-regulation of CEPD polypeptides, which move in a root-ward direction to selectively up-regulate NRT2.1 in roots exposed to high N. See panel (A) in the diagram.
• MtCEP1 acts through its putative receptor CRA2 to affect lateral root and nodule development via divergent pathways
The research by Mohd-Radzman et al. (2016) on MtCEP1 (B) showed that enhancement of nodulation requires EIN2/SKL, with inhibition of lateral root number occurring independently of EIN2/SKL.
• AtCEP5 inhibits lateral root initiation
As well as demonstrating this action, Roberts et al. (2016) also showed AtCEP5 co-expression with CEPR1 in phloem-pole pericycle cells, suggesting that they act locally as a ligand-receptor pair (C).
• Insights on CEP peptide post-translational modifications Patel et al. (2018) identified diverse peptide species in M. truncatula root-culture exudate (D). Extended peptide products suggest that the CEP prepropeptide, after cleavage of the signal peptide, undergoes endoproteolytic cleavage followed by aminopeptidase-and carboxypeptidase-like trimming. Peptide length, sequence, and chemical modification including proline hydroxylation (carried out by hydroxylases) and hydroxyproline arabinosylation (carried out by hydroxyproline O-arabinosyltransferases or HPATs) differentially affect biological activity of the mature CEP peptide.
stream to be carried to the shoot to interact primarily with the SUNN (SUPER NUMERIC NODULES) receptor (or in other legumes, orthologous receptors), resulting in the production of an inhibitory shoot-to-root signal to restrict further nodulation (Elise et al., 2005; Reid et al., 2011; Okamoto et al., 2013; Imin et al., 2018) . Recently, MtCEP1 was shown to positively influence nodule number in M. truncatula (and simultaneously inhibit lateral root formation, which is further discussed below). A number of MtCEP genes including MtCEP1 were induced by the low-N conditions required for legumes to be developmentally competent for nodulation . MtCEP1 overexpression or the application of synthetic MtCEP1 peptide increased nodule number, size, and the level of N-fixation, even under high-nitrate conditions that normally inhibit nodulation .
Genetic evidence that MtCEP1 acts through CRA2 to affect nodulation
Mohd- Radzman et al. (2016) provided genetic evidence that MtCEP1 acts through its putative receptor COMPACT ROOT ARCHITECTURE 2 (CRA2), a CEPR1 ortholog (Huault et al., 2014) , to affect nodulation at least in part via an EIN2/ SKL-dependent pathway (Box 1B). Genetic evidence demonstrated that enhancement of nodule number by MtCEP1 peptide application or gene overexpression was CRA2-dependent. Application of MtCEP1 to wild-type plants increased infection thread number, elevated competency for nodule formation, and enabled nodules to form adjacent to both xylem and phloem poles. Fused nodules also formed, which arise when two or more nodules fuse together as a result of initiations occurring in close proximity. These phenotypes were consistent with an attenuation of ethylene signalling, as ethylene reduces infection thread and nodule number and inhibits the formation of nodules adjacent to phloem poles (Peters and Crist-Estes, 1989; Heidstra et al., 1997; Penmetsa and Cook, 1997) . In support of this, the MtCEP1-dependent increase in nodule number required EIN2/SKL. Moreover, MtCEP1 application alleviated the inhibitory effect of increased ethylene-precursor levels on nodulation but did not affect ethylene production. Additionally, the SYM pathway was epistatic to the effect of MtCEP1 peptide on nodulation. This work provided the first clues as to how CEPs might interact with phytohormone-mediated signalling in M. truncatula to specifically affect nodulation efficiency and plant susceptibility to infection and nodulation. Therefore, this M. truncatula CEP-CRA2 circuit represents a newly identified pathway influencing root nodulation that interacts with the previously characterised EIN2/ SKL pathway.
Where next?
Since the CRA2 effect on nodule formation is shoot-controlled (Huault et al., 2014) , this suggests that nodule number is affected by an interplay between two opposing peptidereceptor systemic systems (AON-CLEs with SUNN, and CEPs putatively with CRA2). It remains to be demonstrated, however, that CEPs travel to the shoot and physically interact with CRA2. Binding of CEPs to CRA2 needs to be experimentally demonstrated to confirm that it is a bona fide CEP receptor. Given that root nodulation is a recent evolutionary development (approximately 100 million years ago) (Werner et al., 2014) , it will be of interest to determine if a particular CEP gene(s) has been co-opted into a specific role in root nodule formation, as has occurred for the AON-specific CLEs. The specific outputs of CEP-CRA2 circuits that influence root nodulation need to be defined.
Shaping the root system: roles for CEPs in lateral root development An integral component of root architecture is the number and length of lateral roots, as determined by lateral root initiation, development, and growth. Auxin plays a central role in the asymmetric cell divisions required for lateral root development. In Arabidopsis, this asymmetric division occurs in xylem-pole pericycle cells (Casimiro et al., 2001; Himanen et al., 2002; De Smet et al., 2007; Lavenus et al., 2013) . The availability of nutrients including N, carbon, and phosphorus have major impacts on lateral root growth and development (MacGregor et al., 2008; Gruber et al., 2013) . Delay et al. (2013) provided evidence that AtCEP3 negatively regulates lateral root number since Arabidopsis cep3 knockout plants displayed increased lateral root density compared to wild-type plants under several nutrient-deficient and abiotic stress regimes. CEPs have also been demonstrated to negatively regulate lateral root emergence in M. truncatula. MtCEP1 overexpression decreased lateral root number, whereas the simultaneous knockdown of MtCEP1 and MtCEP2 increased lateral root number . -Radzman et al. (2016) provided some mechanistic insight into the control of lateral roots by CEP signalling in M. truncatula. Inhibition of lateral root number by MtCEP1 addition or MtCEP1 overexpression was dependent on CRA2 (Box 1B). cra2 knockout plants displayed a highly branched root phenotype (Huault et al., 2014) , consistent with CRA2 acting as a putative receptor for MtCEP1 and MtCEP2. Unlike MtCEP1 promotion of nodulation, inhibition of lateral root number was independent of EIN2/SKL and the SYM pathway, demonstrating that divergent pathways act downstream of CRA2. Roberts et al. (2016) showed a role for CEP5 in controlling lateral root initiation in Arabidopsis (Box 1C). CEP5 expression was down-regulated by auxin and a CEP5 promoter reporter was expressed at phloem-pole pericycle cells where a local auxin minimum is thought to occur. This suggests phytohormone and CEP-signalling cross-talk may also occur in Arabidopsis. CEP5 knockdown resulted in an increased number of early-stage lateral root primordia, with the opposite observed for CEP5 peptide addition or CEP5 overexpression. A local role for CEP5 acting through CEPR1 was suggested, as CEP5 and CEPR1 were shown to be co-expressed at phloempole pericycle cells. Moreover, CEP5 knockdown plants and the xip1-1 line (a CEPR1 missense mutant) had opposite lateral root initiation phenotypes, suggesting that CEP5 is an antagonist of CEPR1 signalling (Lee and De Smet, 2016) .
Breakthroughs: CRA2 and CEP5

Mohd
Where next?
Control of lateral roots by CRA2 occurs locally, as demonstrated through grafting (Huault et al., 2014) , suggesting a local role for MtCEP1 and MtCEP2 in lateral root inhibition. This is supported by the overexpression of MtCEP1 in independent root cultures lacking shoots, which leads to diminished root-system size compared to the empty vector control (Mohd-Radzman et al., 2015) . How CEP-CRA2 output independently affects lateral root and nodule formation, both of which are affected by low-N status, remains to be determined.
In Arabidopsis, CEP5-CEPR1 co-expression is spatially separated from lateral root initiation at xylem-pole pericycle cells. This suggests that there are yet-to-be defined non-cell autonomous downstream signals controlling lateral root initiation. The existence of both long-distance and local CEP signalling modules as well as antagonistic peptide interactions point to complex CEP-CEPR pathways that require further characterisation (for discussion see Taleski et al., 2016) .
CEP proteolytic processing
As a member of the precursor-derived, post-translationally modified (PTM) class of peptides (Tavormina et al., 2015) , CEP genes encode a non-functional prepropeptide that is processed to produce a smaller functional peptide. CEP preproproptides have an N-terminal signal sequence for direction to the endoplasmic reticulum (ER)/Golgi secretion pathway, one or more conserved CEP peptide domains, and one or more flanking variable regions (Ogilvie et al., 2014) . Until recently there was little insight into how CEPs were proteolytically processed. Patel et al. (2018) provided some insight into potential in vivo CEP proteolytic processing activities (Box 1D). They used mass spectrometry to analyse the peptidome of M. truncatula rootculture exudates and identified a diversity of peptide hormones that included several CEP species. A plethora of CEP peptide species were identified that were larger than the expected 15-amino-acid size of the CEP domain. In particular, many sequences of MtCEP1 domain 1 (D1) or domain 2 (D2) were identified that had varying lengths of N-and/or C-terminal extensions. This suggested that some endoproteolytic cleavages occurred at distance from the D1 and D2 CEP domains. Nevertheless, the predominance of spectra corresponded to the 15-amino-acid conserved D1 and D2 domains, suggesting that these represent the dominant end products. Evidence for aminopeptidase-like and carboxypeptidase-like trimming activity was also found. It is possible these could help process the larger species to smaller, more active, ones. The biological activity of synthetic MtCEP1 peptides with N-or C-terminal extensions was also assessed. The N-terminally extended D1 peptides tested did not affect nodule number, but still inhibited lateral root number. A single amino acid C-terminal extension, however, did not affect the ability of MtCEP1 D1 to affect either nodule or lateral root number.
Insights using a peptidome of root-culture exudates
Where next? Patel et al. (2018) identified aspects of CEP proteolytic processing; however, the identity of the endoproteases involved and their recognition sites are unknown. Evidence exists for extracellular trimming of other PTM peptides Schardon et al., 2016) ; however, it is yet to be demonstrated if the trimming activity uncovered is relevant for CEP processing in vivo.
How MtCEP peptide length affects binding affinity to the presumed receptor, CRA2, is not understood. It was recently shown that IDA (INFLORESCENCE DEFICIENT IN ABSCISSION) peptide length was important for receptor binding affinity (Santiago et al., 2016) . Similar biochemical assessments might provide insight into CEP peptide-receptor interactions.
CEP peptide sequence and chemical modification
A defining feature of PTM peptides is that certain amino acid residues are chemically modified (Tavormina et al., 2015) , albeit not uniformly, to produce the mature peptide hormone. CEPs are commonly hydroxylated at various proline residues (Ohyama et al., 2008; Tabata et al., 2014; Mohd-Radzman et al., 2015; Okamoto et al., 2015; Roberts et al., 2016) , and the pattern of hydroxylation impacts on their biological activity (Delay et al., 2013; Imin et al., 2013; Mohd-Radzman et al., 2015) . Evidence for specific CEP hydroxylproline residues being glycosylated by tri-arabinosylation has also been presented (Mohd-Radzman et al., 2015) . Tri-arabinosylation is important for optimal activity of various CLE peptides (Ohyama et al., 2009; Okamoto et al., 2013; Xu et al., 2015; Corcilius et al., 2017; Imin et al., 2018) , so it was of interest to assess the effects of tri-arabinosylation on CEP activity. Another factor contributing to activity is the amino acid composition of the CEP domain (Delay et al., 2013; Imin et al., 2013; Mohd-Radzman et al., 2015) . Until recently, there was little understanding of how the CEP domain sequence affects peptide activity with regards to nodule number. Patel et al. (2018) assessed the effect of chemical modification of MtCEPs that had been identified in root-culture exudate, including glycosylated species (Box 1D). Using an in-house strategy (Corcilius et al., 2017) , CEP1 D1 peptides with proline monoand tri-arabinosylation were synthesised. Surprisingly, biological activity with regards to lateral root and nodule number was not affected by mono-arabinosylation whereas tri-arabinosylation abolished activity. The ability of MtCEP2, 5, and 8 peptides to affect nodulation and lateral root emergence was also assessed. In general, the strongest effects on nodulation occurred with CEP peptides with hydroxylation at prolines 4 and 11, whilst most other hydroxylproline modification patterns decreased activity. Interestingly, various CEP peptides with different combinations of hydroxylation at prolines 4, 7, and 11 inhibited lateral root number. Nodulation could be enhanced by CEP1, 5, and 8, but not by any tested CEP2 species. The only unique amino acid residue in CEP2 compared to the other CEPs tested was at position 13 of the peptide domain (Ile versus Val, respectively), suggesting that this residue could be important for the ability to enhance nodule number. There was no discernible effect, however, of peptide-domain amino acid sequence on inhibition of lateral root number for the CEPs tested.
Chemical modification of MtCEPs
Where next?
These results suggest that proline hydroxylation is the dominant chemical decoration that determines CEP activity, but how this differentially impacts lateral roots and nodulation is not known. In addition, the basis for how amino acid residues impact CEP activity, presumably by changing affinity for CEP-receptor complexes, is not understood. Further insight into these complexes will probably require a structural biology approach, as used for other peptide classes (Tang et al., 2015; Santiago et al., 2016; Song et al., 2016; Zhang et al., 2016a Zhang et al., , 2016b .
Conclusions and future directions
CEPs are post-translationally modified, secreted peptide hormones that act through their receptors to control N-demand signalling, nodulation, and root architecture. A model for CEP activity through their receptors is presented in Box 2, which also highlights important aspects of CEP biology that remain uncharacterised. Signalling components that mediate CEP gene up-regulation after perception of a given stimulus are unknown (see Box 2A). In addition, there is almost nothing known about the specific intracellular signalling cascades that are triggered when CEPs bind to their receptors (see Box 2C), representing a major knowledge gap in the CEP field and a key area for future research. It would also be of interest to investigate the in vivo form of CEPRs, including whether they act as complexes involving co-receptors, as has been shown recently for receptors of other PTM peptide classes (Meng et al., 2016; Santiago et al., 2016; Zhang et al., 2016b) .
Whilst this review has focussed on plant-encoded CEPs, CEP genes have also been identified outside the plant kingdom, solely in plant parasitic root-knot and reniform nematode species (Bobay et al., 2013; Eves-Van Den Akker et al., 2016) . Recent work has provided clues as to how nematode CEPs may function as potential effector molecules during parasitism (Eves- Van Den Akker et al., 2016) . Further investigation is needed to clarify the function of nematode CEPs.
Much of the current research into CEP function has focused on root development; however, there is evidence that CEP-CEPR signalling can also impact on above-ground plant growth (Delay et al., 2013; Roberts et al., 2013; Tabata et al., 2014; Sui et al., 2016) . Recent work in rice showed that OsCEP6.1 overexpression reduced shoot height as well as a number of grain-associated parameters, including panicle length and grain size (Sui et al., 2016) . Specific roles for CEPs/ CEPRs outside root development are yet to be characterised.
In order to have a broader appreciation of CEP function, it is of interest to further investigate functional specificity of a wider range of CEP genes in different plant families, including those containing agriculturally important crop species. This first requires comprehensive CEP gene annotation (Ogilvie et al., 2014) . Recently de Bang et al. (2017) re-annotated small signalling peptides in M. truncatula, including CEPs, and paired this with RNA-seq data for a range of macronutrient-and nodulationspecific treatments. These results confirmed that CEP expression was coupled to nutrient status. Such datasets are ideal for providing biological contexts for future studies of CEP function.
Understanding the function and mode-of-action of CEP peptides and their receptors should provide new avenues to finetune plant growth and development in response to the environment, with the ultimate aim of improving crop productivity.
